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A b s t r a c t . -Transformation of an Mng5Ni C s i n g l e c r y s t a l h a s 6 been s t u d i e d by n e u t r o n d i f f r a c t i o n , u q t r a s o n i c t e c h n i q u e s , colds t a g e microscopy and low temperature X-ray d i f f r a c t i o n . An FCC+FCT t r a n s f o r m a t
i o n o c c u r s a t 174K (Ms) and although t h e (A ) i s only f some 12K ( 2 3) h i g h e r , both forward and r e v e r s e t r a n s f o r m a t i o n s a r e s p r e a d over some 70K d e s p i t e m a r k e d l a t t i c e s o f t e n i n g (C'is only 0.27 x 10 -I0 ~m -~ and t h e Zenar a n i s t r o p y parameter e q u a l s 36 a t t h e Ms), and t h e r e i s a d i s c o n t i n u o u s change i n b o t h t h e ' c ' a x i s and t h e volume, s u g g e s t i n g t h e p r e s e n c e of a f i r s t o r d e r t r a n s f o r m a t i o n . However, i n c o n t r a s t t o most a l l o y s which show t h i s t r a n s f o r m a t i o n , t h e M n N i C a l l o y appears t o show no d i s c o n t i n u i t y between t h e ' a '
and thg5laPFET parameters throughout t h e r e g i o n where t h e two phases FCC co-exist. Two-surface a n a l y s i s has confirmed t h a t s h e a r t r a c e s occur on (110) p l a n e s , and m e t a l l o g r a p h i c f e a t u r e s i n g e n e r a l a r e s i m i l a r t o t h o s e observed i n In-TI. The t r a n s f o r m a t i o n a s monitored a t t h e s u r f a c e shows t h e same c h a r a c t e r i s t i c s a s found i n t h e bulk m a t e r i a l , e x c e p t t h a t t h e M i s h i g h e r by 10-20K. I n t r o d u c t i o n . -FCC Manganese-Nickel a l l o y s o f f e r an i n t e r e s t i n g v a r i e t y of t r a n s f o r m a t i o n s . At lob1 n i c k e l c o n t e n t s t h e t r a n s f o r m a t i o n product i s t e t r a g o n a l w i t h c / a < 1 [ I ] . Such t r a n s f o r m a t i o n s i n a l l o y s w i t h l e s s t h a n 15% N i a r e analogous t o t h e b e t t e r known Mn-Cu a l l o y s and g e n e r a l l y c l a s s i f i e d a s second o r d e r t r a n s f o r m a t i o n s because they c o i n c i d e w i t h t h e development of a n t i f e r r o m a gnetism. According t o Cohen, Olson and Clapp [2] they can t h e r e f o r e be considered q u a s i -m a r t e n s i t i c . I n t h e c a s e of a l l o y s w i t h g r e a t e r t h a n 20% N i , t h e t e t r a g o n a l t r a n s f o r m a t i o n product has c / a < 1 and i s no l o n g e r coupled w i t h t h e Nee1 temperatures. This makes t h e s e a l l o y s more c l o s e l y analogous t o Indium-Thallium where t h e t e t r a g o n a l t r a n s f o r m a t i o n i s a s s o c i a t e d w i t h a very low v a l u e of C' [3] . There i s s t i l l c o n s i d e r a b l e c o n t r o v e r s y over t h e o r d e r of t h e t r a n s f o r m a t i o n i n In-T1,since thermodynamic s t u d i e s i n d i c a t e t h e r e a c t i o n a s f i r s t o r d e r [ 4 ] a t l e a s t up t o 22% TI; b u t t h e t r a n s f o r m a t i o n o c c u r s o v e r such a s m a l l t e m p e r a t u r e range t h a t i t i s d i f f i c u l t t o decide e x p e r i m e n t a l l y whether two phases r e a l l y c o e x i s t o r whether t h e m a t e r i a l decomposes s i m u l t a n e o u s l y throushout i t s volume. I n those i n v e s t i g a t i o n s i t i s a l s o p o s s i b l e t h a t t h e r e s u l t s a r e p a r t l y a t t r i b u t a b l e t o l a t t i c e i m p e r f e c t i o n s [5] . I n t h i s connection i t i s u s e f u l t o use p u r e s i n g l e c r y s t a l s and a technique which i s n o t s u r f a c e s e n s i t i v e , such a s n e u t r o n d i f f r a ct i o n , i n o r d e r t o monitor t h e bulk t r a n s f o r m a t i o n . It i s f o r t h i s reason t h a t Lowde e t a 1 [6,7] madeneutron d i f f r a c t i o n and u l t r a s o n i c measurements on a M n N i C s i n g l e c r y s t a l , a s t h i s t e r n a r y a l l o y e x h i b i t s t e n times t h e n e u t r o n 85 9 6 +This work was p a r t i a l l y supported by t h e Consejo Nacional de I n v e s t i g a c i o n e s
C i e n t i f i c a s y T e c n i c a s d e l a Republics Argentina
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982449 s c a t t e r i n g cross-section of a 21% N i binary a l l o y with t h e same transformation temperature and s i m i l a r transformation c h r a c t e r i s t i c s . I n t h e p r e s e n t paper these bulk measurements have been supplemented by cold-stage microscopy and low temperature X-ray d i f f r a c t i o n experiments, which provide complementary evidence of the s u r f a c e transformation behaviour.
Experimental Results. except where an e r r o r b a r i s g i~e n ,~a l t h o u g h t h e absolute accuracy cannot be claimed a s g r e a t e r than 2 4 x A because t h e measurements were made a t r a t h e r low angles [ 7 ] . These r e s u l t s f o r XnIng5NigC6 Supersede the p r e l i m i n a r y values reported i n 161. although t h e a l l o y appears t o simultaneously e x h i b i t a continuous v a r i a t~o n of the ' a ' parameter through t h e t r a n s i t i o n . The behaviour i s t h e r e f o r e a combination of the well known e f f e c t s taking p l a c e i n In-T1 and Mn-Cu ( d i s c o n t i n u i t i e s i n both ' a ' and ' c ' ) and i n Mn-Ni a l l o y s with < 15% N i (continuous v a r i a t i o n of both ' a ' and ' c ' ) .
Although t h e a s s o c i a t e d change i n e l a s t i c c o n s t a n t s i n d i c a t e marked l a t t i c e s o f t e n i n g , t h e transformation i s spread over a wide range of temperature (AT = 70K) compared t o only a few degrees i n In-T1 and Cu-Mn [8, 9] . The beginning of t h e transformation must be f i r s t order a s a d e f i n i t e volume change can be detected a t Tcr.t (Fig. I ) , but i t i s very tempting t o a t t r i b u t e some measure of these unusual r e s u l t s t o t h e impending mechanical i n s t a b i l i t y of t h e l a t t i c e , s i n c e t h e e x t r a p o l a t e d e l a s t i c c o n s t a n t s i n d i c a t e t h a t 4 (Cll -C1 ) would reach zero a t = 123K [ 6 ] , which i s w i t h i n the transformation range f l 7 4~ + 109K).
However, a l l t h e observations described so f a r a r e i n d i r e c t , i n t h e sense t h a t t h e r e i s no i n d i c a t i o n whether t h e transformation involves t h e c h a r a c t e r i s t i c shear mechanism normally a s s o c i a t e d with FCC/FCT transformations, o r some d i f f e r e n t mode of transformation. The transformation was t h e r e f o r e a l s o observed d i r e c t l y by cold-stage microscopy of specimens c u t from t h e a c t u a l c r y s t a l used f o r neutron d i f f r a c t i o n . Examinatiaon of both (100) and (110) s u r f a c e s showed c h a r a c t e r i s t i c shear t r a c e s analogous t o those observed i n In-T1 [8] and Mn-Cu [ 9 ] a l l o y s (Fig. 3) [10, 11] . This would r e q u i r e i n t e r n a l twinning a t l e a s t i n t h e s u r f a c e l a y e r s of t h e m a t e r i a l . The present work confirms observations on some binary Mn-Ni a l l o y s by P a t t e r s o n e t a1 [12] , who could not reach a d e f i n i t e conclusion because they did not follow t h e transformation t o low enough temperatu r e s .
The transformation was a l s o followed by low temperature X-ray d i f f r a c t i o n on a (100) s u r f a c e , using a TTK Paar low temperature camera a t t a~h e d t o a hilli ips d i f f r a c t o m e t e r y i e l d i n g an absolute accuracy of .002 A. The n a t u r e of t h e transformation a s detected by X-rays was e n t i r e l y t h e same a s t h a t obtained by neutron d i f f r a c t i o n on (Fig. 1 ) . However, the X-ray d i f f r a c t i o n r e s u l t s a l s o confirmed t h e t r a n s f o r m a t i o n t e m p e r a t u r e observed m e t a l l o g r a p h i c a l l y . The a v e r a g e Ms o b t a i n e d by m o n i t o r i n g t h e t r a n s f o r m a t i o n a t t h e s u r f a c e a p p e a r s t o be some 10-20K h i g h e r t h a n t h e v a l u e deduced f o r n e u t r o n d i f f r a c t i o n e x p e r i m e n t s which e s s e n t i a l l y monitor t h e b u l k m a t e r i a l (Fig. 4 ) . Although t h e t r a n s f o r m a t i o n i s s p r e a d o v e r a t e m p e r a t u r e i n t e r v a l of some 70K, t h e r e i s no i n d i c a t i o n of any obvious change i n mechanism e v e n though t h e t r a n s f o r m a t i o n range i n c l u d e s t h e t e m p e r a t u r e a t which 4 (Cll -C ) e x t r a p o l a t e s t o z e r o .
D i s c u s s i o n . -The r e s u l t s show t h a t t h e r e i s l i t t l e d i f f e r e n c e between t r a n s f o r ma t i o n a t t h e s u r f a c e and i n t h e b u l k o t h e r t h a n a s m a l l s h i f t i n t h e Ms t e m p e r a t u r e
The t r a n s f o r m a t i o n i n Mn-Ni-C t h e r e f o r e seems t o b e e n t i r e l y comparable w i t h In-T1 and Cu-Mn, w i t h t h e e x c e p t i o n t h a t t h e ' a ' p a r a m e t e r changes c o n t i n u o u s l y throughout t h e c r i t i c a l t e m p e r a t u r e r e g i o n . The ( c / a ) i s d i s t i n c t l y s m a l l e r b o t h a t t h e t r a n s f o r m a t i o n t e m p e r a t u r e and t h e completion of t h e r e a c t i o n f o r analogous FCC/FCT a l l o y s (Table I ) , b u t t h e t r a n s f o r m a t i o n t a k e s p l a c e o v e r an unexpectedly l a r g e t e m p e r a t u r e range.
I t i s tempting t o c o n s i d e r t h a t t h e c o n t i n u i t y of t h e ' a ' p a r a m e t e r i n t h e p r e s e n t a l l o y i s due t o coherency p e r m i t t e d by t h e low c / a r a t i o , and t h a t t h e a s s o c i a t e d coherency s t r e s s e s a r e r e s p o n s i b l e f o r e x t e n d i n g t h e t r a n s f o r m a t i o n range. However, Lowde [6] has r e p o r t e d t h a t i n an a l l o y o n l y s l i g h t l y d i f f e r e n t i n composition (Table I ) t h e ' a ' p a r a m e t e r v a r i e d d i s c o n t i n u o u s l y a t t h e t r a n s f o r m a t i o n t e m p e r a t u r e a l t h o u g h t h e ( c / a ) r a t i o i s v e r y s i m i l a r . It i s t h e r e f o r e s i g n i f i c a n t t h a t t h e s e two a l l o y s d i f f e r q u i t e markedly i n t h e i r phonon s o f t e n i n g behaviour and t h a t t h i s i s t h e f a c t o r l i k e l y t o b e r e s p o n s i b l e f o r t h e c o n t i n u i t y of t h e '
a ' p a r a m e t e r and presumably t h e g r e a t e r t o l e r a n c e f o r coherency s t r a i n s . A c c u r a t e l y d e c o n v o l u t i n g e x p e r i m e n t a l d i f f r a c t i o n peaks a l s o becomes v e r y d i f f i c u l t under s u c h c i r c u m s t a n c e s . The r o l e of coherency s t r a i n s i s a l s o s u p p o r t e d by t h e growth of t h e f r a c t i o n o f m a r t e n s i t e which can be c l o s e l y modelled a s a f u n c t i o n o f (Tc-T)" w i t h n 2 , c o n s i s t e n t w i t h t h e Landau t h e o r y . A s s o c i a t i n g a c o n t i n u o u s ' a ' p a r a m e t e r w i t h t h e o r d e r of r e a c t i o n p e r s e i s i n a d m i s s a b l e , s i n c e i n t h e a n t i f e r r o m a g n e t i c regime ( w i t h c / a < 1 ) Mn-Cu e Hocke and Warlimont have proposed t h a t i n Mn-Ni a l l o y s c o n t a i n i n g < 20% N i , m a c r o s c o p i c a l l y twinned p l a t e s w i t h d e t e c t a b l e t e t r a g o n a l i t y may form w e l l below TN, when c / a > 1.005 ( 1 3 ) . Such p l a t e s would form by s t r e s s induced r e c r y s t a l l~s a t i o n i n a m a t r i x c o n s i s t i n g o f m i c r o -t e s s e l a t e d t e t r a g o n a l r e g i o n s formed a t TN, and would show t h e n u c l e a t i o n and growth c h r a c t e r i s t i c s o f m a r t e n s i t e , and v a r i a b l e b e h a v i o u r on s u c c e s s i v e c o o l i n g a c c o r d i n g t o t h e l o c a l s t r e s s systems b e i n g g e n e r a t e d . However, a l l atomic magnetic d i p o l e s a r e assumed t o be o r i e n t a t e d i n < 1 0 0 > d i r e c t i o n s a t a l l t e m p e r a t u r e s below TN, and whatever t h e f o r m a t i o n t e m p e r a t u r e o f t h e twinned s t r u c t u r e on c o o l i n g , p l a t e s should o n l y r e v e r t t o t h e p a r e n t p h a s e a t TN on h e a t i n g . However, t h e Mn-Ni-C a l l o y r e v e r t s a t v i r t u a l l y t h e same t e m p e r a t u r e on h e a t i n g a s on c o o l i n g ( and w e l l below TN) s o t h i s k i n d of e x p l o r a t i o n c a n n o t a p p l y i n t h i s c a s e .
Conclusion.-On t h e p r e s e n t e v i d e n c e t h e l a t t i c e t r a n s f o r m a t i o n i n Mng5NigC6 must t h e r e f o r e b e c o n s i d e r e d f i r s t -o r d e r , s i n c e t h e b u l k t r a n s f o r m a t i o n a s monitored by n e u t r o n d i f f r a c t i o n s o c l o s e l y m i r r o c s t h e s u r f a c e t r a n s f o r m a t i o n , which v i s i b l y o c c u r s by s h e a r t r a n s f o r m a t i o n . The t r a n s f o r m a t i o n i s a l m o s t n i n e t y p e r c e n t complete b e f o r e t h e e x t r a p o l a t e d v a l u e of C' r e a c h e s z e r o , b u t even a t t h i s p o i n t t h e t r a n s i t i o n would s t i l l be f i r s t o r d e r i f t e t r a g o n a l d i s t o r t i o n i s t h e o n l y o r d e r p a r a m e t e r [ 1 4 ] . I f o t h e r p r o p e r t i e s , s u c h a s changes i n magnetic movement, a r e t a k e n i n t o a c c o u n t , t h e mechanism of t r a n sf o r m a t i o n might be e n v i s a g e d a s changing i n some way a t t h i s p o i n t , b u t c o n f i r m a t i o n of t h i s p o s s i b i l i t y would be e x p e r i m e n t a l l y v e r y d i f f i c u l t and f u r t h e r work on a l l o y s w i t h a s l i g h t l y d i f f e r e n t composition might p r o v i d e a b e t t e r chance f i n a l l y t o s o l v e t h i s problem.
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